The transition between G1 and S phase, when DNA replication occurs, involves two waves of transcription of the genes encoding the G1 cyclins (Clns), which are unaffected by either Sic1 or the APC. First, there is a burst of CLN3 transcription. The Cln3/kinase then activates transcription of CLN1, CLN2, CLB5 and CLB6. Clb5 and Clb6 remain inactive, but the Cln/kinases target Sic1 for degradation and inactivate the APC. This enables Clb5/kinase and Clb6/kinase complexes to form and activate DNA replication (for reviews see [1, 2] ).
Thus, at both the M/G1 and G1/S transitions, nascent transcription of genes encoding key regulators shifts the balance of cellular activities and promotes progression to the next phase of the cell cycle. Determining the mechanisms which regulate these bursts of transcription is key to understanding these critical transitions. After a decade of research, investigators from across the globe have converged upon the mechanism which regulates transcription of the genes encoding mitotic cyclins and a number of other key cell-cycle regulators [3] [4] [5] [6] [7] [8] .
Swi5 was the first budding yeast transcription factor found to be cell-cycle regulated [9] . The SWI5 mRNA level peaks in G2/M and the nascent protein enters the nucleus and promotes transcription of SIC1 and a number of other periodically expressed genes [10, 11] . The promoter elements responsible for periodic transcription of SWI5 were identified, and Mcm1 was shown to be a critical component of the transcription complex [12] . Mcm1 is a MADS-box transcription factor, related to serum-response factor (SRF) [13] . A conserved sequence adjacent to the Mcm1-binding site in the SWI5 promotor was also found to be required for promoter activity, and this bound an unknown component referred to as the 'Swi5 factor' (SFF). Later, CLB1 and CLB2 were found to be transcribed in the same interval with SWI5 and to contain the same regulatory elements [14, 15] . Nearly a decade later, five different groups [3] [4] [5] [6] [7] [8] have contributed information that makes this the best understood example of cell-cycleregulated transcription in budding yeast.
The first breakthrough was the identification of NDD1 as a high-copy suppressor of the nuclear division defect of the cdc28-1N allele [3] . As both CLB1 and CLB2 were originally identified in the same screen [16] , Loy et al. [3] were quick to note that Ndd1 was required for the transcription of CLB1, CLB2 and SWI5. NDD1 is an essential gene, and its mutation causes a metaphase arrest indistinguishable from that of cdc28-1N or a clb1 clb2 double mutant. The Ndd1 protein has limited similarity to an HMG-type transcriptional repressor, Rox1, but otherwise the sequence is not revealing. Both the transcription of NDD1 and the stability of the protein is regulated within the cell cycle, such that its expression is maximal just before peak CLB2 expression is attained. However, in vitro bandshift studies with a tagged Ndd1 protein gave no indication that Ndd1 binds DNA directly, so it was unlikely to be SFF.
In a parallel study [5] , NDD1 was identified as a high-copy suppressor of the lethality of an mcm1 temperature-sensitive mutation. Here again, in vitro studies of Ndd1 binding to DNA were negative; however, in vivo, epitope-tagged Ndd1 could be detected in chromatin complexes. With this assay, Ndd1 was shown to associate transiently with the SWI5 promoter during the interval of maximal SWI5 transcription. Studies with point mutations in the Mcm1 and SFF binding sites showed that both were required for Ndd1 binding, yet depleting extracts of Ndd1 had no impact upon the ternary band-shift complexes formed in vitro by Mcm1 and SFF binding on those sites.
Meanwhile, the DNA-binding sites of two yeast proteins, both members of the 'forkhead' family of transcription factors, were identified and their similarity to the SFF site was noted [4, 17] . In addition, a search for proteins whose overproduction could enhance the silencing of a matingtype gene cassette identified one of two highly related forkhead proteins, called Fkh1 [6] . The connection was not clear until the fkh1 fkh2 double mutant was made and found to exhibit pseudohyphal growth, a differentiated state that is characterized by elongated chains of cells. Clb2-deficient and cdc28-1N cells were known to show the same type of differentiation [18] , and indeed CLB2 mRNA levels were substantially reduced in the double mutant.
Microarray analysis was then used to show that most of the genes that are coordinately transcribed with SWI5 and CLB2 showed a low-level constitutive pattern of transcription in the fkh1 fkh2 mutant; furthermore Fkh2 binding to genomic DNA could be detected by chromatin immunoprecipitation [4] . Coincident with this, the Dalton laboratory [8] succeeded in purifying SFF by affinity chromatography and then used mass spectrometry to identify Fkh2 as a component of the SFF complex. The latter approach may provide further insight into the composition of the SFF complex, as at least two other proteins co-purified with the complex but have not yet been identified.
All these studies concur that Fkh2 is the predominant binding partner for Mcm1 at the SFF site, but there is some functional overlap between Fkh1 and Fkh2. Interestingly, the SFF site is identical to the binding sites of all the other forkhead proteins that have been studied in higher cells [19] . Motivated by this observation, Pic et al. [7] have also shown that Fkh2 is a component of SFF. Moreover, they noted that Fkh2 is phosphorylated in a cell-cycle-regulated pattern consistent with a possible role for this modification in regulating transcription. Both FKH1 and FKH2 are also periodically transcribed and peak in S phase [4] . The data reported by Koranda et al. [5] , however, suggest that Fkh2 is bound to the SFF site throughout the cell cycle, so it appears that neither the phosphorylation nor the transcriptional regulation influence DNA binding.
The members of the forkhead family share extensive homology in their 'winged-helix' DNA-binding domain [19] . There is also a bipartite nuclear localization signal embedded in the first and third blocks of homology in most family members, and a Cdk consensus phosphorylation site in about half of the proteins, including Fkh1 and Fkh2. In addition, a subset of family members contain forkheadassociated (FHA) domains. FHA domains are phosphoserine/phosphothreonine-binding motifs, analogous to the Src homology 2 (SH2) module which serves to link signaling proteins to phosphotyrosine residues in growth factor receptors and adaptor molecules [20] . The FHA domain may actually be the more ancient of the two phosphopeptide-binding modules, as it is also found in bacteria [21] . If the FHA domain of Fkh2 can be shown to be functionally important in G2/M-specific transcription, it will be of great interest to know what phosphoprotein(s) it binds to.
Clearly there are many details yet to be understood, but the accumulated data are consistent with the model depicted in Figure 1 . Mcm1 binds as a dimer to its recognition site throughout the cycle. Binding of Fkh2 to the adjacent SFF site is dependent upon Mcm1 binding and can also be detected throughout the cell cycle. NDD1 and FKH2 transcription is initiated in S phase and the nascent Ndd1 Dispatch R587
Figure 1
The budding yeast cell cycle is characterized by consecutive waves of transcription and expression of key regulators, including cyclins (Clns and Clbs), transcription factors (Ndd1, Fkhs, Swis), a Clb/Cdk inhibitor (Sic1) and DNA replication complex components (Cdc6). The timing of these waves throughout the cell cycle is shown. Arrows superimposed upon these waves show the relationships between the periodically expressed transcription factors and representative and also periodic target genes. The composition of the transcription complex responsible for the G2/M-specific transcription of SWI5 and CLB1,2 is depicted above, showing the changes that take place as its activity oscillates through the cell cycle.
protein binds the Mcm1-Fkh2-DNA complex at that time. During the same interval, Fkh2 is hyper-phosphorylated and the complex becomes active. The interdependence of these events, if any, has not been established, nor is it known that these events are sufficient for activation. All three proteins in the complex contain consensus Cdk phosphorylation sites. Moreover, Clb/kinase may play a role in activation because CLB2 transcription does not take place in the absence of Clb1, Clb2, Clb3 and Clb4 activity [22] . One simple possibility is that Clb kinases phosphorylate Ndd1 and promote its association with the FHA domain of Fkh2. Inactivation of the complex is temporally associated with dephosphorylation of Fkh2, and the disassociation and degradation of Ndd1. The remaining ternary complex remains inactive until the next S phase.
Much has been learned about this highly regulated event, but much has yet to be done to determine the cause-andeffect relationships between these events and the specific mechanisms involved. NDD1 expression is well correlated with activation of CLB2 transcription, but to see if production of Ndd1 is sufficient for CLB2 activation, a stable form of Ndd1 must be generated and expressed constitutively at physiological levels. Similarly, the sites of cellcycle-regulated phosphorylation of Fkh2 must be identified and eliminated before we will know the consequences of that modification. Another interesting question is how NDD1 and FKH2 are transcriptionally regulated, for they have joined the growing list of periodically transcribed transcription factors that activate a subsequent wave of periodic transcription.
